We characterize the mechanical quality factor of micro-oscillators covered by a highly reflective coating. We test an approach to the reduction of mechanical losses, that consists in limiting the size of the coated area to reduce the strain and the consequent energy loss in this highly dissipative component. Moreover, a mechanical isolation stage is incorporated in the device. The results are discussed on the basis of an analysis of homogeneous and non-homogeneous losses in the device and validated by a set of Finite-Element models. The contributions of thermoelastic dissipation and coating losses are separated and the measured quality factors are found in agreement with the calculated values, while the absence of unmodeled losses confirms that the isolation element integrated in the device efficiently uncouples the dynamics of the mirror from the support system. Also the resonant frequencies evaluated by Finite-Element models are in good agreement with the experimental data, and allow the estimation of the Young modulus of the coating. The models that we have developed and validated are important for the design of oscillating micro-mirrors with high quality factor and, consequently, low thermal noise. Such devices are useful in general for high sensitivity sensors, and in particular for experiments of quantum opto-mechanics.
INTRODUCTION
Micro opto-mechanics is earning an increasing interest both for its wide-range applications, including high sensitivity measurements of position, acceleration, force, mass, and for fundamental research. Among the several breakthroughs obtained in the last few years we mention, e.g., radiation-pressure cooling of micro-mochanical oscillators [1] [2] [3] [4] [5] [6] , strong coupling between mechanical and electromagnetic field variables [7, 8] , opto-mechanically induced transparency [9, 10] , and, more recently, the observation of the quantum motion of a nano-mechanical oscillator optically cooled down to its quantum ground state [11, 12] , closely following similar results previously obtained in the microwave region [13, 14] . Excellent reviews of this field are published, e.g., in Refs. [15] [16] [17] [18] .
At present, however, quantum effects have been just observed on the variables of the mechanical oscillator, while important, long-seek quantum properties of light and of the measurement process itself still elude observation. Among them, ponderomotive squeezing [19] [20] [21] [22] , quantum correlations, entanglement and quantum non-demolition measurements [23] [24] [25] [26] , back-action evasion and measurements reaching and surpassing the standard quantum limit [22, [27] [28] [29] . On such crucial phenomena, only classical simulations are indeed reported in the literature [30, 31] , besides a recent observation of ponderomotive squeezing induced by a cloud of cold atoms [32] . The main reason must be found in the overwhelming effects of classical noise sources of thermal origin with respect to the weak quantum fluctuations of the radiation pressure.
Most of the conceived experimental schemes cannot take advantage from laser cooling of the main mechanical mode involved in the measurement, while the temperature of the thermal bath is the crucial parameter. For instance, the spectral density of the thermal noise force is proportional to k B T me ω 0 Q
, where k B is the Boltzmann's constant, T the thermal bath temperature, m e the oscillator effective mass, ω 0 /2π its resonant frequency and Q its quality factor. Therefore, experiments aiming to observe quantum properties of the optomechanical interaction benefit from low mass and frequency (on the contrary, for studying the ground state of the oscillator high frequencies are favored by the requirementh ω 0 > k B T ). Moreover, we remark that the mechanical quality factor plays a crucial role, and that experiments take advantage from high optical quality that allows to build high Finesse cavities. Finally, high levels of input laser power give stronger radiation pressure, whose fluctuations more easily prevail over thermal noise, provided that the oscillator can be kept at low temperature.
Several kinds of oscillators are currently experimented, such as breathing whispering galleries [5, 9] , thin membranes working as refractive oscillators within high-Finesse cavities [33, 34] , photonic crystal opto-mechanical cavities [11, 12] . Focusing our interest to FabryPerot interferometers with oscillating mirrors, we mention that very low mass oscillators have recently been conceived and tested, based on free-standing dielectric multi-layer reflectors [3, 35, 36] , or on tiny mirrors on shaped thin membranes [6, 7, 37, 38] .
In this article we explore a different approach, focusing on thicker silicon oscillators with high reflectivity coating [30, 39] . The higher mass is compensated by the possibility to manage high power at low temperatures, thanks to the favorable geometric factor (thicker connectors) and the high thermal conductivity of silicon at cryogenic temperature [40] . With such design, it is important to control the mechanical dissipation in the coating layers, in order to exploit the potentially very high Q of silicon oscillators [41, 42] . Here we report on the losses measured in a micro oscillator covered by a highly reflective coating, and discriminate, by the use of Finite Element analysis (FEM), the contribution of thermoelastic dissipation and coating losses. In particular, we test an approach to the reduction of mechanical losses, where the size of the coated area is reduced as much as possible to reduce the strain in this highly dissipative component and the consequent energy dissipation.
The loss angle of an oscillator is defined as:
where ∆W t denotes the energy dissipated per cycle of vibration and W denotes the strain energy stored in the elastic body. Mechanical losses are due to the coupling between the normal modes and the thermal bath. Several types of losses can be identified, each one associated with a specific dissipation mechanism. The measured loss is the sum of dissipation arising from different sources s i , so that we can write ∆W t = i ∆W s i . Note that each kind of coupling contributes to the random excitation of the oscillator by drawing from the disordered motion of the bath, called thermal noise. Until recently, experimenters have focused their attention almost exclusively on homogeneous losses, i.e., losses that are described by an imaginary part of the Young's modulus in a homogeneous body. This is the case for dissipations induced by homogeneously distributed impurities and dislocations. Tools for the evaluation of inhomogeneous distributed losses and thermoelastic losses are now available, based on analytical models or Finite Elements techniques [43] [44] [45] . These developments allow an accurate estimation of the quality factor of real experimental devices.
SETUP AND CHARACTERIZATION
Micro-resonator design and fabrication
Our micro oscillators are fabricated in a silicon-on-insulator (SOI) wafer where the handle layer is 500 um while the device layer is 70 um with a buried oxide of 2 µm. An example is shown in Fig. 1 in the first case the coating covers the whole front face of the wafer, including mirror and supporting beams, while in the second case we used a metallic hard mask to coat only the central mirror. The hard mask alignment error was about 100 µm.
Opto-mechanical sensing
The resonant frequency of each device is determined by the noise displacement spectrum of the mirror's surface. In order to measure it, we realized a Michelson interferometer with a balanced homodyne detection scheme (see Fig. 2 ). The laser radiation is provided by a cw Nd:YAG laser operating at λ=1064 nm. After an optical isolator, a polarizing 
where V pk the peak-to-peak value of the interference fringes and S xx is the displacement noise spectrum in m 2 /Hz.
The maximum record length of our scope (250 kSamples) allows a maximal resolution of 10 Hz (when sampling at 2.5 MSamples/s to avoid aliasing). In order to analyze the narrower resonance peaks, we have also used a digital lock-in amplifier, whose internal local oscillator was tuned at 110 Hz from the interested peaks. The beat note, filtered by the output integrator of the lock-in with a time constant of 640µs, was then analyzed by the scope with a resolution of 0.1 Hz.
Near the resonance of interest the resonator transfer function T x (ω) is well approximated by the harmonic response
where φ t is the total loss factor. The associated noise spectrum of thermal origin at the temperature T, is given by the fluctuation dissipation theorem as:
and its experimental recording can be used to estimate ω 0 , m e and φ t . The value of m e is then compared with a Finite-Element-Modeling (FEM) estimate to validate the hypothesis of thermal origin for the displacement spectrum.
Experimental results
In figure 3 (upper panel) is shown the experimental displacement spectrum for one of the devices (D1 with homogeneous coating). The resonance peak is well above the noise floor and allow the estimation of the relevant parameters. The figure also report the fitting curve according to Eq. (3) (plus a flat background). As a comparison, we also show in the figure (lower panel) the spectrum obtained from a similar oscillator, but lacking of the outer isolation wheel. As already observed for membrane oscillators [46] , the coupling with the background silicon modes splits the main oscillator mode into several peaks, increasing the effective mass and reducing the mechanical quality factor.
In figure 4 we display the experimental and simulated spectra for a micro-mirror resonating at about 215 kHz (device D4). The two experimental curves refer to devices with full coating (i.e., coating over the mirror and the beams; FC) and central coating (i.e., coating just over the mirror; CC). The resonant frequency in the full coating case is higher, as the coating layer contributes to the stiffness of the supporting beams. This effect can also be seen in the spectral curves simulated by our Finite-Element model (described below). The effective mass m e is evaluated from experimental data as (72 ± 5) µg and (79 ± 5) µg, respectively in case of the central coating and full coating. These value are in good agreement with the FEM estimates (79 ± 5) µg and (83 ± 5) µg, confirming the thermal origin of the noise spectra. As a comparison we note that the physical mass of this mirror can be estimated by its size as 128 µg; the effective mass is lower because the mirror is not moving as a rigid body, but it bends during the oscillatory motion as shown for instance in figure 6 . In table I we report the parameters measured from experimental data for ten devices. We note that the quality factor of each CC oscillators is significantly higher than that of the corresponding FC version. We shall discuss in Section the reason of this behavior and the origin of the observed losses in our devices.
MECHANICAL LOSSES
In the model of Eq. 2 the measured loss factor accounts for all of the dissipative phenomena active in the resonator, as defined in Eq. 1. In our case the relevant phenomena are thermoelastic loss and structural loss of the various components of the device, as energy losses through the support are negligible thanks to the isolation wheel. We consider in the following only losses from silicon and optical coating, as the buried silicon dioxide layer is removed during the process from the backside of the mirror and of the beams.
Thermoelastic loss
Thermoelastic dissipation was first investigated by Zener [47] : in the presence of a nonzero coefficient of thermal expansion, when a solid undergoes a vibration other than pure torsion, the strain field generates a thermal gradient and thus a heat flow which dissipates elastic energy. This fundamental mechanism sets the loss in MOMS devices and precision instrumentation at room temperature, for this reason it is the subject of an active area of experimental [48, 49] , theoretical [50] and numerical [45] research. Only in the case of pure flexure the loss factor can be calculated analytically as
, where α is the thermal expansion coefficient, C V the specific heat per unit volume of the material, Y the Young modulus, ρ the density and T the temperature. The oscillator thickness h is involved through the thermal relaxation time
, where κ is the thermal conductivity. Even if the real losses depend on the geometry and the anisotropy of the elastic structure and must be evaluated by FEM, these equations give some insight on the behavior of the resonator.
For instance, in the case of a silicon cantilever with h = 300µm, we have τ Z ≃ 5.6 µs and the expected loss angle at 250 kHz is about 2 × 10 −5 . This figure limits the Q factor of a silicon flexure to Q < 4 × 10 4 at room temperature, while better performances could be achieved at cryogenic temperatures thanks to the changes in the thermal properties of the material [51] .
We also note that at these frequencies the thermoelastic dissipation of the optical coating is negligible, as its average thermal conductivity is 10 times smaller than in silicon [52] and the thermoelastic heat flow is accordingly smaller.
Structural loss
The structural dissipation is directly related to the imaginary part of the Young's modulus in a homogeneous body, but it cannot be easily evaluated if the device is made of parts with different structural losses. If φ s (r) is the loss factor at the position r, the energy dW dissipated in one cycle in the volume element dV is simply E(r)φ s (r)dV , where E(r) is the energy stored in the volume element during the motion. In the device the total dissipated energy on one cycle is
where both the energy density and the loss factor depend on the position. As a consequence the total loss depends on the shape of the displacement within the resonator: modal shapes involving large strain in more dissipative parts imply higher losses than modal shapes where the same parts are less strained.
Finite-Element models
From the above discussion, it is clear that the dissipative contribution from different phenomena can be identified only by the comparison with simulations produced by a FEM software (in our case, ANSYS Multiphysics). The Finite Element model of the device is based on a three-dimensional 20-node solid element, and the mechanical response of the mirror+beams structure is evaluated when it is driven by an harmonic pressure over the surface of the mirror. The coupled-field thermoelastic analysis is repeated in the frequency range of interest and the convergence of the results is checked against the mesh density. In a harmonic thermoelastic analysis, the energy dW lost per cycle in an element with volume dV is related to the irreversible entropy produced per cycle at the temperature T 0 [45] :
where θ is the temperature field, k ij the thermal conductivity tensor and x i the spatial coordinates; repeated indexes are summed over. This quantity was evaluated for each element of the model and integrated over the volume of the resonator to obtain the expected loss factor φ te = ∆W te /(2πW ). We point out that, to be consistent with the measurements, the spatial distribution of the applied pressure is the same as the laser beam intensity profile (Gaussian shape with a waist of 80 µm), and the resulting displacement of the mirror's surface is weighted by the same Gaussian profile. The model can simulate, separately or in a cumulative way, both kinds of dissipation under study. The thermoelastic loss is evaluated from the material properties with no free parameters. On the contrary the evaluation of structural dissipation requires as input the loss angles of silicon and of the optical coating.
The dissipation of silicon at room temperature is strongly dependent on the size of the sample, mainly due to thermoelastic losses and surface effects. When the thermoelastic loss can be made negligible, the underlying structural loss of silicon wafers is found well below a value of φ Si = 10 −6 [41, 42] , that we take as reference in our calculations. We point out that our results will be almost independent from this number, as losses from other parts of the resonator are orders of magnitude higher. Indeed loss angles in the range φ = (3 − 6) × 10 −4 [53, 54] represent the state-of-the-art for optical coatings like the one on top of our silicon surface, in spite of the large amount of theoretical and experimental developments carried on by the scientific community interested in gravitational wave detectors.
For each configuration of the coating layer, the loss angle is obtained from FEM data using the following procedure:
• estimation of the resonant frequency of the mode under study;
• simulation of the transfer function with a given homogeneous structural loss (φ t = 10 −6 ) and evaluation of resonant frequency ω 0 and effective mass m e from the imaginary part of the transfer function, according to equation 3;
• simulation of the transfer function with inhomogeneous losses and evaluation of the resulting loss angle φ s : FEM data are fitted with the curve reported in equation 3, with given ω 0 and m e and the loss angle as the free parameter;
• simulation of the transfer function with thermoelastic loss and evaluation of the resulting loss angle φ te . FEM data are fitted with the curve reported in equation 3, with
given ω 0 and m e and the loss angle as the free parameter.
In these simulations we used standard values for the mechanical parameters of silicon and the value of Y c ≃ 74 GPa for the Young modulus of the coating, measured as described in Section . We used for the loss angle the value φ c = 6 × 10 −4 , within the range of the values measured for this kind of coating in a few experiments at room temperatures [53, 54] .
In figure 5 we show the simulated noise spectra for a single device (D8 full coating) with different kinds of losses. The agreement with the Eq. 3 is generally good and we estimate in about ±5% the uncertainty in the evaluation of the loss angle. This error is mainly determined by the accuracy limit in the measurements of the dimensions of the device and by the discretization errors of the Finite Elements model. The total loss angle is obtained as φ t = φ s + φ te and the expected quality factor is Q = 1/φ t .
To give a better insight on the dissipative behavior of different parts of the device, we plot over the displacement the density of the energy dissipated in an oscillation cycle by thermoelastic and structural losses. In the case of thermoelastic loss we plot the dissipated energy ∆W te from Eq. 5 (further integrated over the volume), while in the case of structural loss we plot ∆W s given by Eq. 4. In figure 6 we display the behavior of the oscillator in the case of full coating, while figure 7 highlights the energy dissipated in a micro-mirror with central coating. These plots show at a glance that thermoelastic loss is mainly due to the flexure of the supporting beams and of the mirror itself, while structural loss is due mainly to dissipation in the coating layer. For this reason losses are expected to be significantly smaller in the devices with the central coating.
Comparison with experimental results
In table II we show the results of the simulations compared with the experimental data for a few devices resonating at different frequencies spanning over our full range (165-325) kHz.
The agreement between simulation and data is within 20% in the case of central coating and about 30% in the case of full coating. It is remarkable that such agreement is obtained by adjusting a single parameter, namely the loss angle of the coating, within its typical range.
On the contrary, in the literature, the numerical agreement between simulations and data in dissipative micro-systems is usually obtained by fitting the data with a constant amount of energy loss, that results to be either of just the same magnitude [55] or even about 10 times bigger [36] than the simulated losses. This extra-loss accounts for some unmodeled energy leakage through the support system.
Therefore we can say that our results confirm the validity of our model based on thermoe-lastic and structural inhomogeneous losses. Our main results can be summarized as follows: a) the outer isolation wheel efficiently uncouples the dynamics of the mirror from the support system; b) the reduction of the coated surface allows to reduce the overall loss in the device; c) in the case of central coating the loss is equally contributed by the thermoelastic dissipation in the silicon structure and by the coating's structural loss.
EVALUATION OF THE YOUNG MODULUS OF THE COATING
The availability of the measurements on two sets of identical devices, only differing in the extension of the surface covered by the coating, suggests a way to estimate some structural properties of the coating itself. Indeed, the coating layer do not only contributes to determine the energy loss as described in section , but also, through its mass and its elastic modulus, it affects the dynamical properties of the resonator. Specifically, in the oscillators with full coating the deposited oxide layers cover the beams supporting the mirror, thus increasing their stiffness with a negligible increase in the total moving mass, which is mainly determined by the mirror. For this reason the FC devices resonate at a frequency higher than CC devices (table I) , as we indeed observed in the simulations (an example is shown in figure 4 ).
We point out that the oscillation frequency of each device is a function of all of its structural and geometric parameters, therefore in principle it could be used to obtain the structural parameters of the coating. Unfortunately a typical FEM procedure can evaluate the frequencies of the normal modes with a reproducibility not better that 2%, due to systematic errors related to the mesh choice and possible biases of the numerical method used by the FEM engine. In our case an error of 2% in the resonant frequency corresponds to a few kHz, a figure sometimes larger than the observed frequency shift.
On the contrary the difference ∆ν = ν F C − ν CC is weakly dependent on the choice of the mesh and the numerical method, provided that they remain the same in the evaluation of both ν F C and ν CC . Therefore the frequency shift ∆ν is mainly dependent on the Young modulus of the coating and on possible thickness differences among the two sets of devices (FC and CC). We can assume that the actual values of density and Young modulus of the coating layer are the same for all of the devices, as they were produced in a single lot.
Also the dimensions of the devices in the wafer plane are well determined, as they were obtained by a photo-lithographic process followed by a DRIE etching. On the other hand, the thickness of each wafer depends on the cutting and polishing processes performed on each SOI wafer during the production.
These considerations can be hardly described analytically, as our devices are not simple geometrical structures, but by FEM simulations we can find for each device phenomenological relations between the frequency shift and the relevant parameters. If Y c is the Young modulus of the coating, ∆h = h F C − h CC with h F C , h CC the thickness of the FC and CC device layers, we can write
where K Y , K h , K m are constants, measured respectively in Hz/GPa, Hz/µm and Hz, obtained by the fit of a number of FEM simulations. Here K Y models the sensitivity of ∆ν to changes of the Young modulus of the coating, K h to changes in the thickness of the device and K m describes the effect of the mass of the coating layer covering the supporting beams.
The actual values of the constants depend on the geometry of the specific device, therefore
we have a set of ten equations like Eq. From our data it is clear that, as K h is on average ∼ 2 kHz/µm and the frequency shift is on average ∼ 4 kHz, the thickness difference ∆h must be measured with an uncertainty better than 0.5 µm to allow a 25% estimate of ∆ν. Therefore the thickness of the device layers h F C and h CC must be measured with a precision better than 1%. The thickness was proposed and tested, that use much thinner structures for the mirror suspension and even the oscillating mass, our devices suffer from a higher effective mass. This drawback is compensated by the possibility to use high laser power at low temperature, thanks to both the favorable geometric factor (thicker links) and the high thermal conductivity of silicon at cryogenic temperature [40] . For instance, at 4.5 K our oscillators can bear several mW of absorbed power keeping the temperature spread within the device below 1 K. Considering that typical absorption in high reflectivity coatings is of few ppm, the intracavity laser power can reach ∼ 1 kW (obtainable with the typical Finesse of ∼ 30000 and an input power of ∼ 100 mW). We remark that temperature homogeneity is important to avoid effects of non-equilibrium thermal noise [58] .
The devices that we have presented are also characterized by a good sturdiness, useful for possible applications to high sensitivity sensors. For instance, we can clear them with standard cotton-tipped sticks to routinely obtain optical cavities with Finesse around 40000, using a standard 100 ppm transmission input mirror.
In formed on completely different systems. Indeed, the coating applied over our mirrors is the same currently used in optical cavities for metrology experiments and in the large mirrors of gravitational wave detectors. As a final remark we observe that thermoelastic loss could be reduced well below 10 −6 by cooling the system at liquid helium temperatures [51] , where therefore our devices should reach a quality factor exceeding 3×10 4 , at the state of the art for micro-mirrors in our frequency range. On the other hand our design could be further improved, as most of the losses at low temperature occur in the coating covering the mirror, due to the bending of the mirror itself (see figure 7) . A design where only the beams bend during the oscillation, while the mirror moves as a solid body with negligible strain, could be very useful to further reduce the energy loss in the coating. The FEM models described in this work and validated by the comparison with the experiment represent an essential tool for such designing activity. The requirements proposed, e.g., in Ref. [30] for obtaining pondero-motive squeezing (in particular, a Q of ∼ 10 5 in an oscillator with a mass of 50 µg and a frequency of 100 kHz operating at liquid helium temperature) are achievable by such design. Fit with theoretical spectra from Eq. 3 is shown only for the calibration curve with fixed loss (φ = 10 −6 ) and for the curve with both thermoelastic and structural losses. and full coating (right) SOI samples. These images are used for the evaluation of the thickness variations.
